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Abstract
Determining the muzzle to target distance of a firearm discharge is an integral part in
crime scene reconstruction. Shooter distance is most often estimated using the Modified Griess
test, which can be used to visualize gunshot residue (GSR) patterns around bullet holes. However,
this test has a 3- to 5-feet range limit as the plume of GSR particles can only travel a certain
distance past the muzzle. The purpose in this study was to develop a new method that overcomes
this range limitation by analyzing the physical damage characteristics of a bullet hole. Test fires
were conducted with a .22 caliber rifle over a range of muzzle to target distances and different
bullet velocities. The goal of the study was to simulate an indoor shooting on plywood and
Medium Density Fiberboard (MDF) panels. The results show that as muzzle to target distance
increases, bullet hole depth decreases. In addition, specific damage patterns were observed on the
back of the substrates relating to shooter distance and bullet velocity. A predictions model was
developed using this data that allowed shooter distance to be estimated based on bullet hole
depth. Conclusions were made that not only does this new method cover the limitations of the
Modified Griess test, but it also works in tandem with other ballistics analysis methods. With
some finetuning, this method may be of use to forensic scientists in casework.
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1. Introduction
In the United States Department of Justice’s Survey of Prison Inmates report, 1 in 5 of all
state and federal prisoners reported that they had possession of a firearm during their criminal
offense, and 1 in 8 prisoners had used their firearm in the crime they committed (U.S.
Department of Justice, 2019). These criminal offenses often leave crime scenes where ballistics
is an essential part in the reconstruction of events that took place. Crime scene reconstruction is
the process of determining the sequence of events during the commission of a crime. In cases
involving firearms, the crime scene investigator must determine what the scenario was at the
time the firearm was discharged. This is performed by examining the evidence left at the scene
and using judgment and reasoning to theorize how the crime had occurred.
Indoor crime scenes can be littered with multiple bullet holes, cases, and gunshot debris.
These scenes can be challenging to tackle even for experienced investigators. However, despite
how intimating a crime scene might be, ballistics experts have an arsenal of tests and analytical
techniques at their disposal. Even from just a single bullet hole, a criminalist may be able to
obtain a wealth of information such as the direction of the shot using trajectory rods and a closerange distance approximation using a test for gunshot residue (GSR).
There are specific patterns of evidence to look for in crime scenes involving modern
firearms. The physical and chemical reactions of a firearm discharge leave an array of evidence
at the scene. This is because the basis of all modern firearm discharges follows the same basic
steps. A cartridge is first loaded into a chamber. When the trigger is pulled, the hammer pushes
the firing pin to strike the back of the cartridge, which can either be centerfire or rimfire. There
are also instances where specific firearms deviate slightly when the trigger is pulled, such as
“striker fired” firearms where there is no hammer and spring tension alone causes the striker to
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hit the cartridge. These processes ignite the primer which consequently ignites the propellant,
causing a combustion reaction. This chemical reaction creates expanding gases that push the
bullet through the barrel of a firearm, which is typically rifled. This rifling causes the bullet to
rotate as it travels through its flight trajectory until it impacts, penetrates, or ricochets off of a
surface (Heard, 2008). Even with different firing mechanisms, the same types of physical
evidence can be expected to be deposited at the scene.
As the bullet leaves the muzzle of the firearm, a plume of gunshot residue is deposited
around the environment. This plume is a result of the ignition and combustion of the primer and
propellant in the cartridge. The bullet obeys the laws of physics as it leaves the barrel of the
firearm, traveling through its trajectory path, and impacts a target. In which case, the bullet can
either perforate through a target, ricochet off a surface, break apart, or get embedded inside
(penetrate) an object. Depending on the type of firearm used, the case from the cartridge can be
ejected and fall into the crime scene. With all of these events, there is an abundance of evidence
for a criminalist to analyze in reconstructing the events of a crime. The possibility of a cartridge
case hitting the floor, the gunshot residue deposited near the target, and the bullet fragments
embedded in a wall are all clues that a criminalist can use to build their vision of the events that
took place.
One of the most important aspects in ballistics reconstruction is the determination of the
location of a shooter. Knowing where the shooter was located in a crime scene is a key element
in narrowing down the scenarios that could have taken place. Information about the shooter’s
placement can provide hints on events leading up to, during, and after the shot. These details can
also support or refute eyewitness accounts and suspect statements.

3

The muzzle to target distance in particular, can be one of the most important parts in
reconstructing approximately where the firearm was discharged. Analysis of gunshot residue is
the method most commonly used to estimate the muzzle to target distance. By looking at patterns
of gunshot residue deposited around a bullet hole, experts can estimate what the shooter’s
distance was relative to the target (Geusens, Nys & Charles, 2019).
The information gained from GSR analysis reaches a pitfall once the shooter is farther
than a close-range distance from the target. This close-range distance is the range where gunshot
residue can still reach and be deposited onto the target. Once past a certain proximity from the
target, the distance of the shooter cannot be approximated using this method. Even for shootings
that take place indoors, the shooter may not always be close to the target. The firearm could be
discharged in a spot where gunshot residue analysis will not work, either due to excessive
distance, or due to an intervening object.
The location of a shooter during a crime is very important information that can play a
pivotal role in court. For cases involving firearms, it is especially important in determining the
sequence of events that took place. Other evidence that relates to the shooter’s distance such as
footprints and cartridge cases, may not always be present.
This study addresses the problem that GSR analysis may not work for a muzzle to target
distance that is beyond a certain limited range. There may be cases where the shooter was
outside of this close proximity range when they discharged the firearm. The shooter may leave
these crime scenes with no other forms of evidence besides the bullet hole. However, even if the
bullet cannot be recovered, the morphology of the bullet hole can provide clues about the
shooter’s location. Therefore, a new test needs to be developed that can estimate the shooter’s
distance from the target, once they fall outside the GSR test’s range. The hypothesis generated is
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that a method can be designed to estimate the distance of the shooter using just the physical
characteristics of the bullet hole.

2. Literature Review
2.1 Gunshot Residue Analysis
In a crime scene involving a firearm discharge, sometimes the only evidence available is
a bullet hole. However, a lot of information can still be obtained from just a single bullet hole,
such as the direction of the shot, the approximate caliber of the ammunition used, the
approximate angle of impact, and even how far away the muzzle of the firearm was. A common
test used to determine muzzle to target distance is the Modified Griess test, which tests for nitrite
compounds in gunshot residue (Zeichner & Glattstein, 2002). GSR is composed of burnt and
unburned propellant, primer, and metallic residues that come out of the muzzle during a firearm
discharge. As the bullet travels through the barrel of a gun and exits the muzzle, so too does a
conical plume of gas that deposits GSR around the environment. If close enough to the target,
some of the GSR particles can land on the surface of the target, such as a wall or a door.
Depending on the muzzle to target distance, the pattern of GSR deposited on a surface can
change. Forensic scientists analyze these patterns when examining the bullet wipe, (the residue
ring around the bullet hole), as well as the area around it.
The Modified Griess test is a chemical test and may not always perform well depending
on the substrate. Other non-chemical tests to visualize GSR patterns have been developed in the
ballistics field, which include e.g., using X-Ray Fluorescence, Atomic Absorption Spectroscopy,
Atomic Force Microscopy (López-López & García-Ruiz, 2014). All of these methods revolve
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around the idea of visualizing the GSR patterns deposited around the bullet hole. After observing
the patterns, this information is put to practical use by performing test fires using the same
firearm, cartridge, and target surface at different distances. These test fires are performed so that
a variety of GSR patterns can be obtained. These patterns are then correlated with the muzzle to
target distances that produced them. After obtaining these exemplars, forensic scientists then
associate the GSR pattern of the test shots to the pattern obtained from the evidence. Once
scientists find a similar pattern shared between the evidence and the exemplar, they are able to
estimate the muzzle to target distance of that shot from the crime scene. It is also possible for
different firearms that share the same type and caliber of cartridge, to produce very similar GSR
patterns (Hodges, 2008).
For a visualization method such as Atomic Force Microscopy, identifying the specific
compounds in the GSR is not possible, due to mixture of debris. However, researchers have
identified the general trend for how GSR particles are deposited on a surface. The size
distribution of the particles is inversely related to the muzzle to target distance. As the distance
becomes shorter, the particles’ sizes become larger, and as the distance is farther, the particles’
sizes are smaller (Mou, Lakadwar & Rabalais, 2008).
Another chemical visualization method for GSR patterns is the sodium rhodizonate test.
This is a test that utilizes a color change reaction when the sodium rhodizonate solution comes
into contact with lead. Small lead particles from the bullet and primer are often deposited around
the bullet hole after the bullet exits the barrel. The procedure for the sodium rhodizonate test
involves transferring the pattern of lead residue from the target surface onto filter paper sprayed
with acetic acid. After drying, sodium rhodizonate solution is sprayed onto the filter paper, and
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analyzed for the appearance of pink spots that show the presence of lead (Geusens, Nys &
Charles, 2019).
A limitation to shooter distance determination exists for methods that require visualizing
GSR patterns. Visible GSR is only deposited on a surface at a maximum distance of 3- to 5-feet.
The plume of GSR that erupts from the muzzle is not likely to travel past this range (Jennings,
2020). This leaves uncertainty in determining the shooter’s distance when the firearm is
discharged further than the 3-to-5 feet close range proximity. As even shots taken indoors can
pass a 5-feet range, this limitation can cause problems for ballistic reconstruction in many crime
scenes.
2.2 Other Muzzle to Target Distance Estimation Methods
Shooting distance can be estimated by methods other than looking at GSR patterns. For
example, looking at bullet deformation from a recovered bullet can also provide clues in
estimating the shooter’s distance. In a study by Bresson and Franck, researchers estimated the
impact velocity of a bullet by shooting multiple trials of a similar cartridge, and varying the
amount of propellant, until a bullet with similar damage morphology to the bullet in question was
observed (Bresson & Franck, 2009). Through multiple trials, the researchers determined the
muzzle velocity of the bullet shot, and finally computed the bullet’s trajectory, and estimated a
distance of 1500 to 2000 meters. This method takes into account the damage morphology of the
bullet at the crime scene, rather than analyzing the bullet hole. This specific case study was for a
firearm discharge at a very long-range. It is unsure how well this method will perform on firearm
discharges in a close-range indoor distance. A challenge also exists for this method if the bullet
was deformed beyond analysis, fragmented into pieces, or could not be recovered from the bullet
hole.
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It can be possible that the only piece of ballistics evidence at the crime scene is the hole
from which the bullet stuck the target. In a study by R. Siso et al, researchers addressed firing
distance estimation on thin sheet metal plates. The study came across a similar issue in the shortrange limitation of GSR analysis. Researchers explained that testing nitrites from GSR is limited
by the short range that the particles travel as well as its requirement for a laboratory setting. The
study also mentions that testing on bullet deformation requires the presence of a bullet, is time
consuming, and requires laboratory equipment. Despite the limitations of the other methods, the
researchers proposed a third method where a mathematical function relating the shape of the
bullet entrance hole is utilized to estimate shooter distance. On sheet metal substrates that were
shot, researchers observed the presence of a copper “crown” that forms upon bullet impact. By
taking into account the height of the “crown’s leaves”, the researchers were able to use a
mathematical formula to estimate the shooters distance from the target (Siso, Bokobza, HazanEitan, Gronspan & Schecter, 2016). However, this method is dependent on the material’s ability
to generate this “crown,” and will likely only work on metallic surfaces. Many indoor materials
and surfaces such as wood or drywall will not be able to generate this “crown” effect, in which
case the method cannot be applied.
In a study by M. Hazeeq et al, the researchers looked at a similar method in determining
muzzle to target distance with aluminum plates. After shooting the aluminum substrates with
9mm pistols and submachine guns, they observed that the entry and exit holes for the bullet was
bigger at greater distances. The scientists concluded that through test firing trials, the size of the
bullet holes may provide clues on the distance from which the firearm was discharged (Hazeeq,
Tharmar, Harun & Daud, 2016). While all of the bullets in this study perforated the substrates, it
will be interesting to see this principle being applied to substrates where the bullet had penetrated
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and was stuck in the target material. For target penetration, the depth of the bullet hole as well as
the damage characteristics of the target, will be the subject of focus.
2.3 Wooden Substrates
Many different types of materials can be hit when a firearm is discharged indoors. A
common type of building material used for indoor construction and furniture is wood. In
particular, plywood is used in the exterior walls for modern houses, and Medium Density
Fiberboards (MDF) can often be used for doors. In addition, both plywood and MDF wood
materials can be used in furniture (Zhong, Hiziroglu, & Chan, 2013).
The type of plywood used in this experiment, is Sande Plywood, which is manufactured
from wood species consisting of sapwood and heartwood. This hardwood plywood is composed
of several layers attached together by a water-resistant glue. The wood texture is moderately
course, and wood grains can vary from narrow to wide. Sande Plywood also has a yellowishwhite to light brown color.
Even though both are wooden materials, plywood and MDF have different properties,
such as varying densities and composition. Due to these wood materials having different
densities and mechanical properties, their ballistic resistance is also different (Severa, 2007).
These wood materials differ in how much they can absorb the impact energy of the bullet, with
their respective ballistic resistance increasing in proportion to their density and dynamic strength.
It is important to consider that in an indoor crime scene, these wood materials may be frequently
encountered. Because plywood and MDF have different properties and ballistic resistances, it
can also be assumed that they will react differently to being struck by a bullet. Each wooden
substrate may create bullet holes with different dimensions and damage morphologies.
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2.4 Kinetic Energy
The kinetic energy of a projectile is related to its mass and the square of its velocity.
When a bullet hits and penetrates its target, part of that kinetic energy causes bullet deformation,
part of the energy is transferred to the target by plastic deformation, and a small amount is
converted into heat (Tsach, Landau, Shor, Volkov & Chaikovsky, 2009). Different cartridges can
contain bullets with different masses based on how it was manufactured and the components that
were used. Depending on the amount and composition of the gunpowder in the cartridge, bullets
with different velocities can also be produced. This in turn leads to bullets that can have varying
amounts of kinetic energies depending on the type of cartridge from which it originated.
An assumption can be made that cartridges of the same type and brand will have similar
masses. These cartridges will also produce bullets with similar muzzle velocities. The velocities
of these bullets will decrease past a certain point once they leave the muzzle of the firearm. It can
be expected that as muzzle to target distance increases, the velocities of the bullet at impact will
decrease, and the kinetic energy deposited to the target will in turn decrease exponentially. A
bullet with a lower velocity will deliver lower kinetic energy, which may produce a different
sized hole when hitting its target. A bullet will also encounter more resistance as it travels a
longer distance, which results in a lower velocity, a lower kinetic energy, and also possibly a
change in damage done to the target.
In a study by Martin Ficek et al., researchers used 20% ballistic gelatin to represent
human flesh. Their experimental design was setup to simulate the effect of shooting distance on
the depth of penetration and wounding potential. The study used an air rifle that was shot from a
distance of 5 to 25 meters. As shooting distance increased, the depth that the bullet traveled in
gelatin decreased, and subsequently, the wounding potential also decreased (Ficek, Malamk,
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Mikulicova & Gracla, 2019). The data also showed that this trend was almost linear. It can be
assumed that this trend also exists for firearms outside of air rifles, and materials other than
ballistic gelatin.
Using a similar method, Lucien Haag was able to reconstruct the distances of shootings
that took place during historical events. The approximate shooting distances from events that
took place during the Lewis and Clark expedition with an air rifle, and a battle during the Apache
Wars with Springfield carbines, were both able to be determined from the penetration depth of
the bullets into a tree trunk (Haag, 2013). In the experimental design Haag used however, the
impact velocity was estimated first, before backtracking and estimating the possible distance of
the shooter.
2.5 Muzzle to Target Distance Analysis Limitations
Ultimately, the studies by Rafi Siso, Martin Ficek, and Lucien Haag mentioned above, all
share a common aspect. Only the physical characteristics of the bullet hole alone, was used to
determine the approximate distance of the shooter from the target. Developing a method that can
follow the main procedures laid out by these studies would have many advantages over standard
chemical and visual distance determination methods. Methods such as the Modified Griess test
have limitations if the muzzle to target distance is too far for GSR particles to be deposited on
the surface of the target. Similarly, the GSR particles could be washed off a surface or be
contaminated. The material that the surface is made of may also not be suitable for chemical
testing. In addition, “green bullets” and lead-free bullets exist, that test negative with the sodium
rhodizonate test. Visualization of GSR particles may not work for these methods (Haag, 2018).
Some surfaces may also cause background problems for GSR chemical testing (Glattstein,
Vinokurov, Levin & Zeichner, 2000). These problems pose a serious threat in reconstructing the
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shooter’s location. However, these unique challenges can be solved by a method that relies only
on analyzing the physical characteristics of a bullet hole.
It is possible that in a crime scene, situations can occur where the bullet cannot be
recovered from the bullet hole, whether it is fragmented beyond salvage, or is buried too deep
into the target. This can happen in a variety of target materials, including wood. A method using
just the physical characteristics of the bullet hole alone in estimating muzzle to target distance
would be useful for these scenarios where analyzing the bullet is not feasible. This can also help
crime scenes where ejected cartridge cases are missing too, possibly because a revolver was used,
the cases were picked up, or were moved out of the way. The information gained about where
the shooter might be, from where the case ejected and landed, will not always be available or
reliable in crime scene reconstructions (Nattapontangtawee, Theerayutmaneeruangrit &
Weerachaiphutdhawong, 2015). A method that can estimate the distance of the shooter without
needing the bullet or case to be present can be very useful in reconstructing these crime scenes.
2.6 Advantages with other Analysis Methods
This new method that was hypothesized, will not compromise existing ballistic analysis
tests. Other ballistic analysis methods can provide information such as the bullet’s angle of
impact from just the bullet hole left at the scene (SWGGUN, 2014). A rod or laser can be
inserted into the bullet hole to gauge the trajectory of the bullet (Liscio, Guryn, & Stoewner,
2018). Another method for determining the bullet’s angle of origin is by using the shape of the
bullet hole (Durga, Nataraja, Rasyidi, Mohd, 2016). The direction of the origin of the bullet can
also be determined with a mathematical formula by calculating the minor and major axis of the
entrance hole (Wong & Jacobson, 2012). The results from these procedures can contribute in
crime scene reconstruction by showing the direction that the shooter was relative to the target.
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These results can also be used in tandem with a muzzle to target distance determination method.
Not only will the direction and trajectory of the bullet be known, but also the distance of where
the shooter was located. All of this information can combine to create a much clearer picture of
the crime scene.
2.7 Goals of this Study
Overall, the goal of this study is to develop a novel method for determining the
approximate distance a shooter was from the target using just the physical characteristics of a
bullet hole. This method should be applicable to the plywood and MDF wood substrates
commonly used for indoor furnishing. The developed procedure should also overcome the
limitations of chemical and visual testing of GSR. The method should also be able to generate
results without compromising other ballistic analysis tests that give information on bullet angle
and trajectory. The hypothesis is that this method can be developed based on the physical
concepts of how velocity and kinetic energy decrease as distance increases. In theory, this
principle leads to the bullets causing different sized and shaped bullet holes, as less energy is
being transferred into plastic deformation of the target. It was also hypothesized that despite the
different wooden substates having different physical properties such as varying densities and
mechanical properties, they will still obey the kinetic energy concepts and comply with the
distance determination method. This study also aims to develop a model for these substates that
relate the depth of the bullet hole to the distance of the shooter, which will be useful in
determining the muzzle to target distance when the only evidence at a crime scene is the bullet
hole.
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3. Methods and Materials
3.1 Firearm
The firearm used in this experiment was a customized Ruger 10-22 semi-automatic rifle,
with a custom heavy barrel (bull barrel), with a length of 20 inches. This is approximately 4
inches longer than the factory models, and will have an increased 50 to 100 feet per second speed
per shot. The Ruger was secured into a stand to improve accuracy of shots. A level was used to
ensure the firearm barrel was at 0 degrees, perpendicular to the target.
3.2 Ammunition
Ammunition of two different velocities were used for this experiment. The higher speed
cartridges were CCI Stinger 22 LR, .22 caliber 32 grain long rifle copper-plated hollow-point
cartridges (figure 1), with a listed muzzle velocity of 1640 feet per second. The lower speed
cartridges were Winchester Subsonic 42 Max, .22 caliber 42 grain long rifle black-plated hollowpoint cartridges (figure 2), with a listed muzzle velocity of 1065 feet per second.
Table 1 – Two different speeds of ammunition used and their listed specifications
Name
CCI Stinger 22
LR
Winchester
Subsonic 42
Max

Caliber
.22LR

Type
Hollow-Point

Muzzle Velocity
1640 FPS

Weight
32 Grain

.22LR

Hollow-Point

1065 FPS

42 Grain
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Figure 1. Picture of CCI Stinger .22 Long Rifle ammunition used from the CCI website (CCI.
n.d.). Cartridges shot in the experiment were hollow-point as shown in the picture.

.
Figure 2. Picture of Winchester Subsonic .22 Long Rifle ammunition used from the retailer
website (Basspro. n.d.). Cartridges shot in the experiment were hollow-point as shown.
Hollow point cartridges have a cavity in the nose of the bullet. This provides a
mushrooming effect as it strikes certain soft targets. This is due to the lead in the inside edge of
the bullet expanding from the pressure at the nose. This effect will also slow the bullet down,
decreasing the penetration power of the bullet.
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3.3 Substrates
Two different types of wooden substrates were purchased from Home Depot for use in
the experiment. Sande Plywood boards (Sande Plywood is a type of hardwood manufactured
from sapwood and heartwood) measuring 4-feet x 8-feet x ¾-inch thick (figure 3) and 1inch thick MDF wood panels measuring 4-feet by 8-feet (figure 4) were cut into
targets measuring approximately 1-foot x 2-feet. Two plywood targets were attached together to
create a target with overall 1 ½-inch thickness for the slow shots, and three plywood targets were
attached together to create a target with overall 2 ¼-inch thickness for the fast shots. Two MDF
targets were attached together to create a target with overall 2-inch thickness. This was to
prevent bullets from perforating pass the substrates.

Figure 3. Edge of the plywood target, showing a thickness measuring ¾ inches, and
having five layers.
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Figure 4. Edge of the MDF wood target, showing a thickness measuring 1 inch.
3.4 Doppler Radar System
The doppler radar system used in this experiment is the Infinition BR-3503 radar system,
consisting of the Doppler radar instrument, a junction box, and an audio trigger. Data from the
BR-3503 radar was recorded in the Testcenter software application, on a windows laptop
connected to the junction box.
3.5 Shooting Range Setup
All experimental firing was conducted at the Pedico research laboratory in rural
Pennsylvania. The firing range was located outdoors, at a clear flat grassy area of up to 40 feet
that was next to a garage and surrounded by a few trees, see figure 5. The firearm and Doppler
radar were set up on one far end of the shooting range, and a stack of logs was set up on the
opposite far end to prevent bullets from traveling past the range.
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The firearm and stand were set up on top of a cart that could be locked into the floor. The
Doppler radar system was set up on a tripod behind the muzzle of the firearm, and facing the
shooting range the bullet will be traveling towards. The audio trigger was set up on a tripod, near
the muzzle of the firearm. The junction box and laptop were placed on a table next to the firearm.
The wood panel substrates were secured on top of a wooden pallet that was being held up
by two wooden sawhorse stands. The wooden substrates were also placed directly in the path of
the bullet. A minimal amount of metal was used to minimize interference with the Doppler signal.
The substrates were distanced at 5 feet, 15 feet, and 25 feet from the muzzle to simulate the
ranges of firing at an indoor area. The substrates were also secured in place on top of the pallet
by bricks, so that the wooden panels would imitate the surface of a wall into which the bullet can
penetrate.
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Figure 5. Shooting range setup showing the locations of the Ruger 10-22 mounted on a stand,
the Doppler Radar next to the firearm, the acoustic trigger underneath the barrel, the wooden
substrate stands down the range, and the laptop and junction box.
3.6 Substrate Shooting Trials
All of the shots were performed on the plywood substrates first before moving on to the
MDF substrates. Shots were done at the 5 feet mark, then the 15 feet mark, and finally the 25 feet
mark. All trial shots were performed with the same procedure. The substrate wood panel would
be mounted at the locations marked. Distances were measured with a tape measure leading from
the muzzle. The location the bullet would land on the target substrate was confirmed by the sight
of the firearm. Shots were spaced out so that the damage from the bullets would not overlap on a
substrate panel or get too close to the edge of the panels. A single cartridge was loaded into the
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firearm for each trial, and reloaded for each subsequent trial. The audio trigger was turned on to
start collecting, and the trigger on the firearm was then pulled. The loud noise from the ignition
reaction would then alert the audio trigger, which would cause the Doppler radar to start
collecting data.
After the bullet penetrated the substrate, the safety on the firearm was engaged. The
location of the shot on the panel was marked with corresponding details. The wooden panel
would then be repositioned to allow for another shot, away from the previous bullet hole. The
procedure would then be repeated for the other trials. A total of 5 shots were performed for each
substrate at each distance, and for the two different types of cartridges used. Shots were spaced
so that the bullets would land at least 2 inches away from another bullet hole, and at least 3
inches away from the perimeter of the target. This was to prevent compromising the substrate
and minimize overlap of bullet hole damage areas.
3.7 Doppler Data Plots
The Testcenter software uses a Fast Fourier Transform to convert the data from the
Doppler radar into a 2D graph, with the X-coordinate measuring time in seconds and the Ycoordinate measuring velocity in meters per second. The projectile traveling through the air from
the muzzle to the substrate is represented by a bold line curving downwards, showing the
deceleration of the bullet as it leaves the barrel of the firearm. A marker is placed at the start and
end of that line, to mark the velocity of the bullet as it leaves the muzzle, and the velocity of the
bullet as it impacts the substrate. Testcenter is then programmed to calculate the average velocity
of that interval. The average velocities in meters per second for all shots were taken and
compiled together.
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3.8 Bullet Hole Depth Measurements
Pictures were taken with the digital camera on a smartphone and observations were made
of the bullet holes in front of the substrate, as well as any subsequent damage to the back of the
substrate panels. A tape measure was used as a scale for close-range photography. The loose
wooden debris inside of the bullet hole was cleaned out by scraping the sides of the hole with a
nail (at a shooting scene, it might be prudent to retain debris from the hole for future analysis by
the trace section.) The bullets and bullet fragments were left intact inside of the bullet hole. A
wooden stick was inserted into the bullet hole, touching the base of the hole, where the bullet
came to rest. The location of the stick where it met the surface of the substrate was then marked.
The stick was then measured from the base to where the marking was to determine the depth of
the bullet hole. This was performed for all bullet holes on the substrates. Depth measurements
were recorded in centimeters, and compiled in a spread sheet along with the velocity of the shots.
3.9 RStudio Statistics
All statistics and calculations were performed using the R programming language with
the RStudio software. All of the data was placed into a Microsoft® excel spread sheet noting the
average speed of the shots, depth of the bullet hole, distance of the muzzle from the substrate,
and the type of wood material that was shot. The spread sheet was read into the data frame of
RStudio. The speeds for the trials using a faster cartridge, on MDF wood at 15-feet and 25-feet
muzzle to target distances were not recorded by the Doppler radar due to an error, so the average
speed of all shots using the same faster cartridges were used to replace the missing speed for
those shots.
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A dot plot of distance versus depth was made for all of the shots, split into subplots based
on plywood or MDF material. A second dot plot was made which removed two leverage points
for depth pertaining to fast shots on MDF wood at the 25 feet distance (depth of 22 and 23), and
one leverage point for depth for a slow shot on plywood at the 5 feet distance (depth of 54).
These points were also not counted in the model building.
A model was created by putting all of the variables observed that influence the depth of
the bullet hole into an equation. The formula created was: [log (Depth) ~ Distance + Velocity +
Material + (Distance*Material) + (Velocity*Material)]. The variables in the formula included the
speed of the bullet, the type of material the substrate is, the distance of the muzzle, and a factor
from the dot plot shown from the increased slope of the shots on plywood. The RStudio model
then considers this formula with the acquired data, and outputs coefficients for each of the
variables. Each coefficient generated represents how much that variable influences the depth of
the bullet hole. The coefficients generated from this model are related to the log of the depth,
which was used to better see the relationship each variable has on the depth. These coefficients
were then interpreted to see how each variable impacts the resulting depth.
The reverse log of these coefficients was taken using the natural antilog of the
coefficients. This was performed so that the actual coefficients relating to the value of depth can
be seen. A confidence interval of 95% was established for each variable.
A residual and normality plot were created, with the program taking into account how far
each of the predicted values was from the actual data points. The Y-axis plotting the residuals
and X-axis plotting the fitted values for the residual plot. The Y-axis plotting the standardized
residuals and X-axis plotting theoretical quantities for the normality plot.
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Predictions were made using the model and graphed with the distance on the Y-axis and
the depth on the X-axis. These predictions were created by the software, after inputting velocity
and depth, and predicting the distance generated.

4. Results
4.1 Material Differences in Depth per Distance

Figure 6. Dot plots showing the differences in bullet hole depth as muzzle to target distance
increases from 5- to 25-feet. The speed categories are also shown with the fast bullets in red and
slow bullets in green. The dot plots are also split, showing the differences in MDF and plywood
substrates. The leverage and outlier data points are also included.
The average speed for all of the fast bullets (CCI Stinger 22 LR) was 464 m/s with a
standard deviation of 5 m/s. The average speed for all the slow bullets (Winchester Subsonic 42
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Max) were 314 m/s with a standard deviation of 5 m/s. Therefore, the cartridges were grouped
into two speed categories of fast (red) and slow (blue) as shown in figure 6.

Figure 7. Dot plots showing the differences in bullet hole depth as muzzle to target distance
increases from 5- to 25-feet but with three outlier data points removed. The speed categories are
also shown with the fast bullets in red and slow bullets in green.
By removing three leverage points (2 from MDF Fast 25 feet, and 1 from plywood Slow
5 feet), the trends in the plot became clearer (figure 7). The depth for all of the fast bullet holes
are deeper than the slow bullet holes, at the same distance and in the same material. In addition,
as the distance of the muzzle from the substrate increases, the depth of the bullet hole decreases
as well, for both MDF and plywood materials. The bullets also penetrate further into the
substrate for plywood than MDF. There is also a wider difference in depth between plywood fast
and slow bullet holes, compared to MDF fast and slow bullet holes. The values for depth of the
plywood bullet holes are also more varied and occupy a greater range of variation than that of the
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MDF bullet holes. As shown from the plot, the decrease in slope of the bullet hole depths as the
distance increases, is also steeper for the plywood than the MDF wood. As the muzzle to target
distance gets closer, the difference in depth between fast and slow bullets are greater for the
plywood substrate.
4.2 Residuals Plot

Figure 8. Residuals plot showing the error values are evenly distributed over and under the
horizontal line. This means the error values are consistent for depth prediction even as the depth
increases.
The Y-axis of the residuals plot represents the difference in error values between the
model and the actual data. The X-axis of the fitted values represents the log of depth, used as a
scale. The near straight line in the residuals plot shows that the difference in errors between the
depth predictions and actual data values, remain constant as the depth increases (figure 8). This
shows there is a constant variance in this data, meaning that the standard deviation of the depth
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predicted varies by the same amount even as the bullets go deeper into the substrate. It was also
observed that the data points removed from the model, points 18, 20, and 41, have the highest
difference in error.
4.3 Normality Plot

Figure 9. Normality plot that shows the difference in standard deviation between the predicted
and actual depth values. Following the dotted line, the data exists in a bell curve shape and
uncertainty is not over or underestimated.
The normality plot is showing the difference in standard deviation between the predicted
and the actual values of depth. The Y-axis of the normality plot is in units of standard deviation,
and the X-axis is the standard deviation of the log of the depth. The normality plot shows that the
error for the data exist in a bell curve shape, because the data points fit a straight line (figure 9).
If this line was curved, it would mean that the predictions for distance is skewed. The uncertainty
is not overestimated nor underestimated and is evenly spread out on both sides.
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4.4 Coefficients
Table 2. The estimate values for the log values of the coefficients, along with their std. error,
and corresponding t-values and p-values.
Coefficients
Intercept
Distance
Velocity
Material
(Plywood)
Distance:
Material
(Plywood)
Velocity:
Material
(Plywood)

Estimate
1.7608
-0.0089
0.0027
1.2926

Std. Error
0.0806
0.0017
0.0002
0.1138

t-value
21.84
-5.02
13.82
11.36

Pr(>|t|)
< 2e-16
6.63E-06
< 2e-16
1.40E-15

-0.0025

0.0025

-0.99

0.3263

-0.0006

0.0003

-2.37

0.0216

These coefficients (table 2) were generated by the model, from the formula and data
inputted. The coefficient for Intercept generated by the model represents the baseline multiplier
used, which was the prediction of the log of depth of shots into MDF material at point blank. In
other words, the Intercept is the expected log depth when the distance and velocity change is at 0,
and the material is MDF. The distance and velocity coefficients represent the multiplier for those
variables’ impact on the log of depth. The Material (Plywood) coefficient represents the
multiplier used if the material was changed from MDF to plywood. The Distance: Material
(Plywood), and Velocity: Material (Plywood) are additional multipliers for distance and velocity
variables when using the plywood material, since there is the greater change in slope to take into
account.
The Estimate value represents the estimate of the coefficients, and also the slope of the
equation. The Std. Error value represents the spread of that slope.
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The T-value shows the likelihood that the relationship between the variable and the log of
depth are significant. The larger the magnitude of the T-value, the stronger the relationship, and
the sign of the T-value represents which direction the relationship is. The T-value for velocity
and Material (Plywood) are higher, which means these variables have stronger relationships with
the log of depth. The distance variable also has a significant relationship with the log of depth.
The Distance: Material (Plywood) and Velocity: Material (Plywood) variables however have
lower T-values, and the relationship is not as strong.
Pr(>ltl) represents the P-value, in which case the distance, velocity, Material (Plywood),
and Velocity: Material (Plywood) variables are all significant in their effect on the change in log
of depth. For the velocity, distance and Material (Plywood) variables, the much lower P-values
show that these variables have a greater impact on the depth than the other variables do.
Table 3. The values that fall under the 95% confidence interval range for the unlogged
coefficients.
Coefficients
Intercept
Distance
Velocity
Material (Plywood)
Distance: Material
(Plywood)
Velocity: Material
(Plywood)

2.50%
4.9476
0.9875
1.0022
2.8985
0.9926

97.50%
6.8391
0.9946
1.0030
4.5771
1.0025

0.9988

0.9999

This chart (table 3) represents the range of values that the coefficients of each variable
can fall between. This coefficient range falls under a 95% confidence interval. Because the
coefficients were generated with the equation solving for the log of depth, the coefficient values
were also in log form. These unlogged values were generated by taking the natural antilog and
represents the direct relationship to depth.

28

Table 4. The exact coefficients that were used to create the model.
Coefficients Used for Model Generation
Intercept
5.8170
Distance
0.9911
Velocity
1.0027
Material (Plywood)
3.6424
Distance: Material (Plywood)
0.9975
Velocity: Material (Plywood)
0.9994
Interpretations of how the different variables influence the depth of a bullet hole can be
made using the given coefficients. These coefficients (table 4) represent the direct relationship of
each variable to their effect on the change in depth. Here, an interpretation was made of how
each coefficient represents their specific variables influence on the prediction of the depth of the
bullet hole.
For a theoretical example, a bullet shot into MDF wood at 100 meters produced a hole
with a depth of 10 millimeters. If the shooter takes a meter step back and shoots the same bullet,
it would be expected that a bullet hole will have a depth of 9.91 mm (10 mm x 0.9911). If the
material was plywood instead of MDF, then for the same scenario, it would expected for the
bullet hole depth to be 9.89 mm (10 mm x 0.9911 x 0.9975). This example shows that the
plywood multipliers account for an increase in the bullet hole depth for plywood substrates
compared to MDF substrates. This falls in line with previous observations where all of the
bullets shot into plywood targets had deeper bullet holes than those shot into MDF at the same
distance and velocity.
For bullets that were shot into MDF wood, the median bullet depth decreases by 4.39%
for every additional 5 feet of distance the muzzle is from the target, as long as the velocity is
constant. With a 95% confidence interval, this number falls between 2.65% to 6.10% with a pvalue of 6.63e-6.
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For bullets shot into plywood, the median bullet depth decreases by 5.56% for every
additional 5 feet of distance the muzzle is separated from the target it impacts, when the velocity
is kept constant. With a 95% confidence interval, this number falls between 1.17% to 9.53%,
with a p-value of 0.3263.
For bullets shot into MDF wood, the median bullet depth increases by 14.17% for every
additional 50 m/s of speed the bullet gains, when the distance is kept the same. With a 95%
confidence interval, the range becomes 11.99% to 16.38%, with a p-value of 2e-16.
For bullets shot into plywood, the median bullet depth increases by 10.61% for every
additional 50 m/s of bullet speed the bullet gains, when the distance is kept constant. With a 95%
confidence interval, the range is 5.62% to 15.82%, with a p-value of 0.0216.
Bullets that are shot into plywood penetrate 264% deeper than bullets shot into MDF
wood, when the bullet speed and muzzle to target distance is kept constant. With a confidence
interval of 95%, the number falls between 189 to 357%, with a p-value of 1.4e-15.
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4.5 Model Predictions

Figure 10. Visual representation of the model for fast bullets (~464 m/s) in both plywood and
MDF. The green line shows the model’s predictions for bullet hole depth over a range of
distances. The redline represents the range that falls under a 95% confidence interval, and the
black dots represent the actual data points from the test fires.
This model (figure 10) is a visual representation taking into account all of the variables in
the formula that influence the depth of the bullet hole. The program created a model of what the
depth of the bullet hole would be for a range of distances, for fast bullets, in both MDF and
plywood material. The blue line represents the model’s predictions for depth, and the red lines
represent the points may fall with a 95% confidence. The black dots are the data from the shots
done in the experiment. All of the shots from the experiment fall in the 95% confidence interval.
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The same trend appears for both materials that as the depth increases, the model predicts a closer
muzzle to target distance.

Figure 11. Visual representation of the model for slow bullets (~314 m/s) in both plywood and
MDF. The green line shows the model’s predictions for bullet hole depth over a range of
distances. The redline represents the range that falls under a 95% confidence interval, and the
black dots represent the actual data points from the test fires.
The program also created a model where it predicted the bullet hole depth over a range of
distances for the slow bullets (figure 11). For both materials, the blue line representing the model
predictions shows that the model predicts a deeper bullet hole depth as the shooter gets closer.
The red lines represent the bracket in which a 95% confidence interval lies, and all of the points
from the experiment except for one, fall in that interval. This model also shows that as the
muzzle to target distance decreases, an increase in bullet hole depth is expected.
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4.6 Physical Damage Characteristics

Figure 12. Physical damage characteristics on the back of the target panels for the slow bullets
on Plywood at 25-, 15-, and 5-feet. Peeling damage was only observed at the 5-feet distance
(circled in red), and two slight cracks were also observed. The other wood panels at 25- and 15feet distances did not have any damage to the back.
Unique damage characteristics was observed on the back of the substrate panels. One of
the slower bullets shot into plywood, at the 5-feet distance, produced damage to the back of the
substrate. The part of the plywood top layer peeled off to leave a small rectangular opening. The
back of another two bullet holes displayed a small crack on the surface layer of the plywood
panel. The remaining two bullet holes showed no damage to the back of the substrate. At the 15feet distance, none of the slower bullets caused damage to the back of the substrate panels. At the
25-feet distance, there was no damage to the back of the plywood substate panel caused by any
of the slower bullets (figure 12).
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Figure 13. Physical damage characteristics on the back of the target panels for the fast bullets on
plywood at 25-, 15-, and 5-feet. Peeling and splintering was observed for all five bullet holes at
the 5-feet distance (circled in red). Peeling was observed for two bullet holes at the 15-feet
distance. Peeling was also observed for two bullet holes at the 25-feet distance.
For the faster bullets shot into plywood, at the 5-feet distance, all five bullet holes
displayed heavy damage on the back of the substrate. The back of all five bullet holes shared
similar damage morphologies. All five had the top layer of the plywood peeled off. There was
also splintering of the wood fragments underneath. The damage for the faster bullets was much
greater than that of the slower bullets at the same 5-feet distance. At the 15-feet distance, the
back of two of the bullet holes displayed slight damage and peeling, while the other three had no
damage. At the 25-feet distance, the back of two bullet holes displayed peeling and splintering,
and the remaining three had no damage observed (figure 13).
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Figure 14. Picture on the left shows the damage to the back of the plywood substrate caused by a
fast bullet at the 5-feet distance. There is heavy peeling of the top layer and splintering of the
wood underneath. Picture on the right shows damage to the back of the plywood substrate caused
by a fast bullet at the 25-feet distance. There is less peeling of the top wood layer, and less
splintering of layers underneath.
Overall, the faster bullets produced more damage to the back of the substrates for the fast
bullets than the slower ones. The faster bullets produced big chunks of peeling of the surface
layer and splintering of the bottom layers that was not observed in the slower bullets. As muzzle
to target distance increased from 5- to 25-feet, fewer bullets produced damage to the back of the
plywood substrates for bullets of both speeds. Damage to the back of the panel was still observed
for the fast bullets at the 15- and 25-feet distance, but not the slower bullets at the same distance
(figure 14).
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Figure 15. The backs of the MDF targets at the 5-feet distance for the fast and slow bullets. All
five fast bullets produced damage (circled in red), while no damage was present for the slow
bullets.

Figure 16. The backs of the MDF targets at the 15-feet distance for the fast and slow bullets. All
five fast bullets produced damage (circled in red), while no damage was present for the slow
bullets.
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Figure 17. The backs of the MDF targets at the 25-feet distance for the fast and slow bullets. All
five fast bullets produced damage (circled in red), while no damage was present for the slow
bullets. The bullet hole between shots 4 and 5 were from a misfired shot and was not considered.
For the MDF substrate panels, the slower bullets did not produce any damage to the back
of the MDF panels at all the 5-feet, 15-feet, and 25-feet distances as shown in figures 15, 16, and
17. For the faster bullets, the panels at 5-feet, 15-feet, and 25-feet all displayed damage to the
back of the substrate. The backs of all the bullet holes displayed similar damage patterns of a
circular protrusion, with lines splitting from the center, which created fragmentation. The
protrusions were all similar in size, with some breaking apart into more pieces. These damage
patterns stick out roughly a quarter of an inch from the surface.
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Figure 18. Both pictures show the damage to the back of the MDF substrate caused by fast
bullets at the 15-feet distance. The picture on the left shows the circular protrusion split into
roughly seven parts, with lines erupting from the center. The picture on the right also shows
circular damage, and part of the bullet fragment exposed.
None of the bullets traveled past the first 1-inch-thick layer of MDF panel, and
photographs and observations were taken of the backs of the first panel of MDF. Some of the
damage from the back of the bullet holes even shows the bullet fragments exposed (figure 18).
An observation was also made that each subsequent bullet shot into the substrate seemed to
produce greater damage to the back of the target. The earlier bullets produced the least damage,
while the later bullets produced the most. Overall, this rupture of the back of the bullet holes was
present in all of the shots from fast bullets into MDF substrate but not in the slow bullets.
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5. Discussion
5.1 Muzzle to Target Distance and Bullet Hole Depth
For this study, the results show for bullets shot into both plywood and MDF substrates, as
muzzle to target distance decreases and the shooter gets closer, the subsequent bullet holes will
get deeper. This relationship is present for both the faster and slower cartridges used. An
assumption can be made that additional cartridges with speeds between the range used for the
experiment, (314 m/s – 464 m/s) will demonstrate a similar relationship of muzzle to target
distance and bullet hole depth. The results also showed that this trend exists in both plywood and
MDF from the muzzle to target distances of 5-feet, 15-feet, and 25-feet. It can also be assumed
that any distance between these range values of 5-feet to 25-feet will also display this trend. This
is an interesting observation, as it enables the method generated to work at distance ranges
indoors that are outside of the GSR analysis’ range.
The results also show that faster bullets create deeper bullet holes than slower ones in
both plywood and MDF substrates at all distances tested. All of the bullets also traveled further
in plywood than MDF under the same conditions. This resulted in a steeper slope for plywood
than the MDF slope. The steeper plywood slope can be expected from the wood materials having
different densities and mechanical properties. This observation also tells us that plywood and
MDF need to be treated differently when estimating muzzle to target distance. Additional
multipliers are needed to account for the increased depth of bullet penetration in plywood over
MDF when generating a model.
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5.2 Coefficients
The trend of muzzle to target distance to bullet hole depth is also present in the
coefficients generated from the model. The coefficients or multipliers generated were used to
predict the change in depth of the bullet hole for each variable changed, such as velocity,
distance, and material. It was observed that each coefficient can be interpreted alone showing its
effect on bullet hole depth while keeping all other variables constant. In addition, it was observed
that three multipliers for changing the material from MDF to plywood are also present, due to the
increase in slope the plywood material causes. The predictions model takes into account all of
these variables at once to predict the bullet hole depth given the muzzle to target distance. It was
also observed that all of the test fired shots except for one, landed in the 95% confidence interval
for the model. With more data points and a stricter confidence interval, more accurate
coefficients may be generated. This may lead to an even stronger and reliable predictions model.
It is important to mention that the coefficients produced in this experiment are specific to
the type of cartridges used, and possibly the model of the firearm. It can be assumed that other
cartridge types and other firearms will produce their own specific coefficients based on the
variables that affect bullet hole depth. A similar formula using velocity, distance, and material
can still be used to predict bullet hole depth, except that other cartridge types will require new
coefficients since the bullets discharged will have different velocities, kinetic energies, and
properties that influence substrate penetration.
However, the assumption can be made that regardless of the type of cartridge and firearm
model, similar bullets to the ones that were used will follow the same trends displayed in this
experiment when shot into plywood and MDF targets. It can be generalized that as muzzle to
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target distance decreases and the shooter gets closer to the target, the bullet will produce a deeper
bullet hole in the wood substrates.
5.3 Method Development
Each crime scene is different, as the make and model of firearm discharged, ammunition
used, and material shot into, can all change drastically. Experiments similar to the one in this
study will have to be performed in order to gauge the distance of the shooter at unique crime
scenes. The same type of cartridges, the firearm model, and target material will all have to be
replicated for each crime scene to perform test fires at a range of different distances. The bullet
hole depths from these shots can then be used to create a similar model to the one generated in
this experiment. Using the same formula as the one developed in this study, specific coefficients
can be outputted for any sets of data that are a result of the different cartridge speeds that are shot
into plywood or MDF. Ultimately, this can be used to create a predictions model that is unique
and specific for each individual crime scene. Based on the actual bullet hole depth of the shot
fired at the crime scene, a range of where the shooter was standing can be estimated.
This experiment provides the framework and procedure necessary to develop similar
models for use in a variety of crime scenes where plywood and MDF material is the target.
However, plywood and MDF can have different properties and composition depending on the
manufacturer. Different thicknesses, densities, and finishes of plywood and MDF may be found
for indoor construction use. Models will have to be altered depending on the type of plywood
and MDF encountered at the crime scene.
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5.4 Practical Use and Advantages
This study provides a procedure that is quick and easy to apply for an incident involving
a shooting. The first steps are to measure the depth of the bullet hole and then document the
materials the wall is made of, the type of firearm, and the type of cartridges that were shot. The
procedure is easy to follow for any crime scene investigator at the scene and requires minimal
training to learn. Standardized kits for measuring bullet hole depth and documentation of the
bullet hole can also be developed to accompany this procedure. The depth of the bullet hole also
does not need to be analyzed in a laboratory, which is useful for evidence such as bullet holes in
walls and doors, where the evidence is difficult to move to another place for analysis. The other
part of the procedure is the test firing using a similar setup as the crime scene. This can be
performed in any firing range, with a distance of at least 25 feet (or as the scene dictates). Finally,
the model can be generated with RStudio, using the same formula used in this study.
A key advantage to this method is that the procedure does not compromise other
evidence at the scene. Only a depth measurement is made, which can be a clean procedure that
does not contaminate other evidence around the bullet hole. Other key evidence, such as the
bullet, can still be recovered from the bullet hole. In addition, gunshot residue can still be
analyzed from the bullet wipe and substrate surface. Other trace evidence like DNA can still be
recovered by swabbing in and around the bullet hole. This procedure does not interfere with
other ballistic reconstruction methods, as the bullet can still be preserved even after using this
method.
Analysis of GSR patterns generally provide an estimate of shooter placement within 5
feet of the muzzle to target distance. However, even for indoor scenes, the shooter can discharge
the firearm much further than this close-range proximity. It was observed in this experiment that
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the bullet hole depth and muzzle to target distance trend is present from 5 to 25 feet. This
provides an advantage where the method will work outside of the GSR analysis’ limited range. It
is important to consider that this method is not a substitute for GSR pattern analysis. Rather, this
method compliments GSR analysis, by providing shooter distance estimates with full range from
point blank shots to 25 feet and likely beyond. The method of analyzing bullet hole depth works
in tandem with gunshot residue analysis. The procedure for each method is also distinct enough
in that neither procedure will compromise evidence from the other at the crime scene, and both
procedures can be performed separately.
However, the test firing that is required to develop a predictions model for bullet hole
depth can actually be performed synchronous to the test firing necessary for recreating GSR
patterns. This is because both test firings should include the same firearm and cartridge types as
used in the crime scene. The target material at the shooting scene will also have to be replicated
for the test firings, and a range of distances will have to be covered. An optical or chemical
method may also be needed to visualize the GSR patterns. Overall, the test firings for both bullet
hole depth and GSR analysis procedures can be performed in the same firing range and ballistics
setup.
The expected bullet hole depths from this prediction model can be used to provide clues
about the shooting scene. For example, in a case where the location of the shooter was actually
known, the actual muzzle to target distance would also be available. This data can used to
estimate what the bullet hole depths caused by the bullets should be. If the actual bullet holes at
the shooting scene were measured and found to be less deep than the expected depths, then an
assumption can be made that the bullet slowed down before hitting the target. This can provide
clues about objects in the bullet’s flight path that were no longer present by the time investigators
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arrive. Knowing that the bullet had lost velocity during its flight can provide hints on objects that
it perforated that were moved or hidden.
Finding the bullet’s angle of impact and trajectory are also analyses that are commonly
performed in shooting reconstruction. These procedures often consist of inserting a rod through
the bullet hole to measure the angle of impact and using a laser to visualize the bullet’s fight path.
These methods can give important information such as the direction of the shot and height of the
firearm discharge (Liscio, Guryn, & Stoewner, 2018). The bullet hole depth method compliments
the results from these other ballistic analyses methods. By combining the estimated muzzle to
target distance, with the direction of shooter and bullet flight path, it can be better approximated
where the shooter was located. The estimated location of the shooter at the scene goes from
being a two-dimensional estimate to a three-dimensional one. Even though these analyses all use
the same bullet hole, the procedures do not overlap, and can be performed separately without
compromising results from the other.
The bullet hole depth predictions can also be used to give hints in establishing a timeline
of events that took place at the crime scene. If there are multiple bullet holes at the crime scene,
and they all have a series of different depths, then it can be assumed the shooter was at different
locations when the firearm was discharged. By using this model and other reconstruction
methods to estimate the distance and angle of each shot, the different locations the firearm was
discharged can be assessed. This can help in narrowing down theories and possibilities when
establishing a timeline of which shots were fired in which order and from where. For a scene
with multiple bullet holes, it is also important to consider if the difference in depth of the bullet
holes is greater than the standard deviation of bullet hole depth. This is to make sure that changes
in bullet hole depth are the result of the muzzle to target distance shifting and not slight
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variations in bullet velocity between shots. When considering crime scenes with multiple bullet
holes, it is important to remember that not all bullet holes at scenes may be actively relevant.
With crime scenes that have numerous bullet holes, some may be from previous shootings. Cases
like these with questionably relevant bullet holes are especially prevalent in outdoor crime
scenes. These situations can be problematic when trying to build scenarios or establish a timeline
of the events that took place.
5.5 Clues from Damage Morphologies
The observations made in this experiment concerning damage morphologies to the back
of the target is another important contribution to crime scene reconstruction. The damage
patterns observed can be used to make guesses on how a plywood and MDF target will behave
after a bullet penetrates it. These damage patterns can confirm if the bullet in flight hit nothing
else and directly penetrated the target, or if the bullet passed through and perforated other objects
in its flight path. For the MDF material, it was observed that at all of the different distances, only
the fast cartridges produced the same characteristic circular damage pattern to the back of the
targets. None of the slower cartridges that were fired produced this damage pattern. It was
reasoned that it takes a certain threshold velocity and kinetic energy to cause plastic deformation
to the back of the MDF panels, regardless of the muzzle to target distance.
This reasoning can be applied to casework where the type of cartridges used were already
identified on the scene. Damage to the back of the substrate would be expected for faster
cartridges, and not expected for slower cartridges. For example, if faster cartridges were present
at the scene and suspected to have been used, and the bullet holes were found on MDF material,
it would be expected that the back of the targets to have specific circular damage patterns.
However, if those damage patterns were not present on the back of the MDF material, it gives a
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clue that the bullets may have slowed down before reaching the target. Thus, these bullets lost
enough kinetic energy during their flight path to not reach the threshold to cause damage to the
back of the substrate. This can be due to the bullets hitting an object during their flight, causing it
to slow down before impact. The damage patterns may also help determine the type and speed of
the cartridges used if that information cannot be recovered from the crime scene.
The bullets used in this research impacted at an orthogonal angle to the target, causing
damage patterns that were very circular in shape. It can be assumed that this is because the
kinetic energy of the bullet was evenly displaced as it struck the target perpendicularly. Perhaps
with shots taken at different oblique angles, the damage would deviate from this circular pattern
and be more elliptical in shape. This may also give clues about the bullet’s angle of impact.
In this research project, none of the bullets shot went past the first MDF panel. The
second MDF panel may still play a role in the damage morphology as it was attached to the first
panel at the time of shooting. This may have caused flattening of some of the protrusions as there
was resistance to the back of the substrates. An assumption can be made that if the bullets were
shot into a single panel, the circular damage patterns would stick out more from the surface. Here,
the experimental set up imitates MDF furniture with a wall behind it (shored). It was also
observed that for all of the damage on the MDF panel, subsequent bullets caused more damage
to the substrate. This may be due to the panels being dislodged as each shot was taken or
weakening of the wood in the MDF panels. The data of the depth measurements however do not
skew in any direction even as the trials progressed for a single MDF panel. It will be interesting
if these observations can be used in developing a timeline for shots taken in MDF panels.
For the plywood material, a different damage morphology trend was observed on the
back of the target panels. It was noticed that for both fast and slow cartridges, the closer the
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muzzle to target distance, the greater the damage to the back of the substrate. As the firearm got
closer to the target, more bullets had produced damage to the back of the plywood target. Bullets
that were shot past a certain distance threshold between 15 to 25 feet produced no damage to the
back of the plywood targets for the slower bullets. Perhaps with a larger sample size at more
distances, this threshold could be better narrowed down.
In addition, the faster bullets produced greater chunks of peeling of the surface wood
layer compared to the slower bullets. Splintering of the of the wood layers underneath was also
only seen for the damage caused by the fast bullets. It can be reasoned from these observations
that it takes a certain velocity for the bullets to gain enough kinetic energy to peel off the surface
layer of the plywood substrates. It will take even more kinetic energy transferred into plastic
deformation for the bottom layers to start splintering off once the top wood layer has been peeled
off. This can be useful knowledge for crime scenes as it can give hints to what the speed and
possibly type of cartridge that was discharged.
It is also important to consider that plywood and MDF can have different properties
depending on how these materials were made from the manufacturer. The same damage patterns
that were observed in this study may not apply for plywood and MDF with different thicknesses
and finishes.
5.6 Future Studies
There are several ways that future studies can improve on this method and develop it
even further for use in an actual crime scene. Additional research could explore if this model
could be generated for cartridges of other calibers. Only .22 long rifle caliber ammunition was
utilized in this study, and larger cartridges may have stronger or weaker trends of shooter
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distance to bullet hole depth. The damage to the back of the substrates may also become more
apparent with larger caliber bullets. Other ammunition types such as jacketed bullets, lead round
nose, wadcutters, etc. may also provide different results. Both types of ammunition used in this
study were hollow point cartridges. This may have also been the reason why all of the shots
conducted did not perforate through the targets. It will be interesting to observe if other types of
ammunition will cause similar damage morphologies or if new patterns of damage will be seen.
The Ruger 10-22 used in this experiment was also well maintained, and the proper
ammunition was used. However, this represents an ideal situation, as shooters may not always
maintain the condition of their firearms. During crimes, it is also possible for shooters to use
improper ammunition, in which case the firearm may or may not discharge and cycle properly,
depending on if the firing pin or striker will strike the primer with enough force to initiate a
discharge. Even if the firearm discharges, the bullet may behave differently as it travels out of
the muzzle. If the bullet is smaller than was intended for the firearm, it may not engage the
rifling and end up tumbling down the barrel. In which case, the bullet will not travel its normal
trajectory path. The velocity of the bullet may also vary depending on the ammunition used.
These are factors that the investigator must be aware of when using the model for casework.
An important consideration must be made concerning how an investigator at the scene
will determine the caliber and type of ammunition used. This may be easier in some cases where
the firearm and ammunition were found at the scene. However, this may still be misleading for
investigators as that firearm and ammunition may not actually be what was used in the shooting
incident. In some scenarios, crime scene investigators may have to recover a bullet from the
target or the material in which it is embedded; then submit it for examination to narrow down the
cartridge type responsible for it. There may be situations where the bullet cannot be recovered,
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and the expert must make a judgement of caliber size based on the size of the bullet hole. Even in
these cases, the caliber assumption may not always be correct. Overall, it is important to
understand that recovery of the information about the ammunition used is often crucial in
reconstruction efforts, but it can be difficult and maybe even impossible depending on the crime
scene.
Future studies could also perform a similar experiment but with different firearms. A
Ruger 10-22 rifle was used in this experiment and showed the model works for this firearm. A
similar experiment can be conducted for pistols, revolvers, shotguns, etc. to see if a model can be
created for these types of firearms.
In this study, Sande Plywood and Medium Density Fiberboard were used as targets as
both are common indoor building materials. However, other types of wood are also commonly
found as construction materials, such as sanded plywood, sheathing plywood, oriented strand
boards, and marker boards. These other types of wood panels have different properties and
densities than plywood and MDF, which may cause them to react differently to bullet impact. It
will be intriguing to see how changing the type of wood used will impact the model generated.
Another crucial detail to consider is that the bullet may perforate through another object
before hitting and penetrating the target into which it is embedded. In these cases, it is expected
that the bullet will slow down after going through its first target (Haag, 2016). By losing velocity,
it will also lose kinetic energy and cause less plastic deformation on the target. The bullet may
also tumble and travel off its original flight path after going through its first target. This can also
affect the shape of the bullet hole as the bullet may not hit the target in stable flight (nose
forward). These are problems that may complicate usage of the model in crime scenes.
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Indoor crime scenes are unpredictable and there can be cases where a bullet travels
through an intervening object before penetrating a substrate and coming to a stop. These
intervening targets can include screen doors, windows, furniture, or even human beings.
Depending on the object through which the bullet has first traveled, the projectile can either
remain close to its original flight path or get deflected and travel in an angle from its original
path. Studies have shown that material like tempered glass will have a large impact on deflection
angle (Thornton & Cashman, 1986). Material like laminated glass however, will have minimal
effects on deflection and the bullet will land close to its original impact area (Wilgus, White &
Berry 2013). Future studies can focus on whether or not the material’s deflection property will
influence the depth of the bullet hole and the model generated.
Modern houses have exterior walls that are comprised of plywood nailed onto wooden
framing studs. This plywood wall is then layered with foam boards facing the outside to prevent
water damage. The interior walls of houses are layered with drywall that is nailed onto the
wooden framing studs and painted over. In between the exterior plywood wall and interior
drywall layer is insulation, and possibly pipes and wiring (Noedel, 2010). For a bullet shot in an
indoor environment, these interior wall layers can slow the bullet down before it reaches the
exterior plywood wall, and change the shape of the bullet hole created. A 2010 study by Haag
came to some interesting conclusions on bullets that perforated through drywall. The study
concludes that the threshold velocity that a bullet requires to perforate through a layer of drywall
is very low. The velocity loss is also low, with only a 12 m/s to 15 m/s drop while passing
through ½ inch thick drywall. More interesting is that the velocity drop seems to remain constant
despite changes in impact velocity once it is above the threshold to perforate through the drywall.
Haag also mentions that very little deflection of the bullet takes place after perforating through
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drywall layers (Haag, 2010). As a bullet that was shot indoors may travel through drywall,
insulation, and possibly wood/metal studs to get to the exterior plywood layer, it will be
interesting to observe how much of an effect these layers have in slowing and deflecting the
bullet.
All of the shots taken in this experiment were at a 90-degree angle to the target which hit
the substrate panels perpendicularly. In many actual scenarios, the firearm will not be discharged
at a 90-degree angle, and bullets will end up hitting the target at different angles. This is
important to consider because the bullet will only penetrate or fragment when it strikes the target
at or beyond the critical angle. If the impact angle is too low, the bullet may not actually
penetrate the target but rather ricochet off of it. As wood is a yielding soft surface, it can be
expected that plywood and MDF to deform as the bullet ricochets off (Diaczuk, 2014).
Additionally, bullets that perforate through laminated particle boards have greater deflection
angles the closer they are to the critical angle (Mattijssen, Kerkhoff & Bestebreurtje, 2018). In
terms of this model, it will be interesting to see if getting closer to the critical angle will have an
effect on the change in bullet hole depth.
Shots taken at angles that stray from the 90-degree angle may also show if the circular
damage to the back of the MDF panels were from the bullet hitting perpendicularly to the target.
It makes sense that the damage to the back of the MDF substrates were circular due to the bullet
impacting orthogonally to the surface. It can be expected that the kinetic energy to be transferred
to the substrate evenly. However, bullets shot at different angles that impact the target at oblique
angles may result in elliptical damage. Possibly, the farther the angle is from 90-degrees, the
longer the elliptical damage would be.
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Improvements to the procedure could also be developed in order to ease the use of this
method at a crime scene. Before being incorporated into actual casework, a standardized
procedure should be developed that will work for any bullet hole found at the scene. A small
fiberglass rod with depth measurements embedded maybe a useful part for analysts to use on the
scene. Not all bullet holes encountered will have the same shape, and a mold of the bullet hole
made with Mikrosil could also be explored as an option to measure the bullet hole depth.

6. Conclusion
Muzzle to target distance is a very important part in the reconstruction of events that took
place during a firearm discharge. Evidence left at the scene such as the bullet, its fragments, the
bullet hole, cases, and gunshot residue particles can give clues about where the shooter was
located relative to the target. However, the current methods in determining the shooter’s distance
leave a gap when it comes to distances further than a 3- to 5-feet close-range proximity. GSR
pattern analysis cannot be applied beyond this limit, as the plume of GSR that leaves the muzzle
will not travel beyond this range. In addition, analysis of GSR particles may require instruments
that cannot be brought to the crime scene. The bullet holes may also be on surfaces that cannot
be conveniently transported to the lab, like a wall or a door. These surfaces may also cause
background problems for chemical testing. Other methods of shooter distance estimation exist,
that look at bullet deformation and the “crown” a bullet produces when striking metallic surfaces.
These methods however, have limitations such as requiring the bullet to be recovered, or only
working on surfaces that can generate the “crown” effect.
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The goal of this research was to generate a new method that can overcome the limitations
from current muzzle to target distance analyses. It can be theorized that because the velocity and
kinetic energy of a projectile will drop as it travels a longer distance, the energy that goes into
plastic deformation of a target will decrease as well. It was hypothesized that greater muzzle to
target distances will cause variations in bullet hole depth and damage morphologies. A prediction
was also made that a model could be generated with a formula that utilizes all of the variables
that influence bullet hole depth.
Multiple test fires were conducted on two different wood substates, Sande Plywood and
MDF, as these materials are commonly used for indoor furnishing. The effect of different muzzle
to target distances and bullet velocities on bullet hole depth was tested in these substrates. It was
observed from the data that as muzzle to target distance increased, the depth of the bullet hole
decreased in both substrate materials. It was also observed that fast bullets created deeper bullet
holes than slow bullets in both types of wood. The slope of bullet hole depth decrease was also
much steeper in plywood than MDF, and all bullets penetrated deeper in plywood.
Afterwards, a formula was created that related the variables of shooter distance, bullet
speed, substrate material, and plywood slope, to the depth of the bullet hole. By inputting the
data from the shots taken, a model was generated that output specific coefficients for each of
these variables. These coefficients represent how much a change in that variable would impact
the change in the depth of a bullet hole. After taking all of these coefficients into account, a
visual representation of the model was created. This model estimates the muzzle to target
distance based on the depth of the bullet hole.
This model allows investigators to estimate the shooter’s distance having measured the
depth of the bullet hole in plywood and MDF. The procedure designed is easy to learn and
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perform and can work in a variety of crime scenes. The bullet hole depth analysis procedure will
also not interfere with other ballistic tests or contaminate trace evidence. The muzzle to target
distance estimation can be combined with impact angle and bullet trajectory results to paint a
clearer picture of the events that took place at the scene. It is also important to note that bullet
hole depth analysis is not a substitute for GSR pattern analysis, but rather compliments this
method by covering the ranges that GSR particles will not travel past. The two methods can
work in tandem to cover an even greater range of where the shooter may be located.
Specific damage patterns were also observed on the back of the wooden substates. These
characteristic damage morphologies on the back of the bullet holes can provide hints and clues
used for ballistics reconstruction. It was observed that only bullets past a certain threshold speed
would leave a circular protrusion on the back of the MDF substrate panels at all distances. For
plywood panels, it was observed that the closer the muzzle to target distance was, the greater the
peeling and splintering of the wood layers. These observations can help confirm the speed and
muzzle to target distance of a bullet discharged at a crime scene.
This research focused on .22 caliber long rifle hollow point cartridges shot from a
semiautomatic rifle on plywood and MDF substrates. It will be interesting to see if different
types of cartridges, firearms and wood materials will have variations from this model. The
coefficients in this model specifically reflected the experiment setup used, it is expected that
other setups will create new coefficients.
Ultimately, this study provides a new direction into muzzle to target distance
approximation. By looking at the physical characteristics of a bullet hole, this method overcomes
the limitations that other shooter distance reconstruction methods have. The procedure designed
is also nondestructive, and can work in tandem with other ballistic tests. It will be interesting to
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see how far this method can be developed and refined for use in actual casework. It can be
concluded that with some finetuning, this method may become another useful tool that forensic
scientists have available to them at the crime scene.
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